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1. Introduction 
Analogs of ATP bearing a sulfur atom on either Q, 
0 or 7 phosphate groups were tested as substrates or 
competitive mhibltors for various phosphotrans- 
ferases [l-S]. Since both ATF’& and ATPPS exist m 
two diastereomeric forms, arbitrarily named A and B, 
use of these analogs offers information on the stereo- 
specificity, as well as the stereochemistry, of the 
phosphoryl group transfer reactlons. The regulatory 
enzyme phosphofructokinase (ATP; D-fructosed-P-l- 
phosphotransferase, EC 2.7.1 .l 1) is an excellent 
model system for such mvestigations, since ademne 
nucleotides are used by this enzyme both as substrates 
and as allosteric effecters. 
2. Materials and methods 
2.1. Chemicals 
Isomers of ATIW and ATPflS were synthesized as 
in [S ,6]. o’ITP was prepared by oxidative deammatlon 
of adenosine-1 -oxide 5’.triphosphate [7,8]. Other 
natural or modified nucleotides, enzymes and sub- 
strates were supplied by Boehringer Mannheim. 
Abbrevuztions ATP&, adenosme S’G(l-thlotriphosphate), 
ATP&S, adenosme 5’-0_(2-thiotriphosphate); ATP+, adenosine 
5’0_(3-thlotnphosphate), AMPS, adenosme S’+hosphoro- 
thionate; o! ITP, inosme-laxide 5’-triphosphate, F6P, fructose- 
6-phosphate, sATP, 6-mercaptopurine ribonucleoslde 5’-tri- 
phosphate; sAMP, 6-mercaptopurine bonucleoside 5’~mono- 
phosphate 
* To whom correspondence should be addressed 
ElsevzerlNorth-Holland Bwmedical Press 
2.2. Assay of phosphof&tokinase activity 
The reaction medium at 24°C contained per 1 ml 
solution: 40 mM imidazole buffer (pH 7), 50 mM KCl, 
6 mM MgC12, 0.5 mM EDTA, 0.05 mM NADH, 1 mM 
dlthiothreltol, 0.1 mg bovine serum albumin, 0.8 U 
triosephosphate isomerase, 0.8 U cu-glycerolphosphate 
dehydrogenase, 1.5 U aldolase, and different concen- 
trations of F6P and nucleotldes. The reaction was 
started with punfled rabbit muscle phosphofructo- 
kinase and the AJS6 nm decrease was momtored with 
an Eppendorf 1101 M photometer, equipped with a 
WtW Type 4410 recorder (full-scale deflection, 0.25 A 
umlts). Auxihary enzymes as well as phosphofructo- 
kinases were desalted prior to the assays by dialysiH 
against 0.1 M imidazole buffer (pH 7), 0.2 mM EDTA 
and 1 mM dlthiothreitol. 
3. Results 
3.1. ATPanalogs as substrates or competltwe inhib- 
itors of phosphofiuctokinase 
As shown in table 1 both dlastereoisomers of 
ATP& are substrates for rabbit muscle enzyme, 
exhibiting kinetic parameters closely related to the 
natural nucleotide. On the other hand, both A and B 
isomers of ATPPS are very weak substrates for phos- 
phofructokmase, their efficiency expressed as k*/k 
ratio IS only 0.34% and, respectively, 0.14%, that of 
ATP. As in the case of ATP&, we have not found sig- 
nificant differences m the behavior of the stereo- 
isomers of ATPBS. As expected, A-S IS not a sub- 
strate for rabbit muscle enzyme, however It is a 
competitive mhbitor. 
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Table 1 Table 2 
Km&c constants of rabbit muscle phosphofructokmase 
for sulfurcontainmg ATP analogs 
Allostenc mhrbitron of rabbit muscle phosphofructokinase 
by ATP, ATParS and its reactivation by CAMP and AMPS 
Nucleotrde Km or K, 
wm 
I/;n 100 k*/k Nucleotide (mM) 
ATP 
ATPaS(A) 
ATPorS(B) 
ATPBS(A) 
ATPBS(B) 
ATPrS 
15 i: 2 1 000 100 
15 f 2 0 779 77 9 
18* 2 0.429 35 7 
48* 6 0.011 0.34 
64 i 5 0 006 0.14 
60* 5 - _ 
The assays were carrred out m imidazole buffer (pH 7) wrth 
0 4 mM F6P. V, are relative to the normal substrate 
(40 6 ~mol/min/mg protan), k and k* represent he relative 
Vm/Km ratros for ATP and its analogs. The Ki value for 
ATP$S was determined from plots of l/v against l/ATP at 
various concentratrons of analog. The results are mean value 
of 4 separate xperiments 
ATP ATPoS(A) CAMP AMPS 
0.12 - - - 28 3 
1.00 - - - 21 
100 - 020 - 184 
1.00 - 1.00 - 23.5 
1.00 - - 0 20 52 
100 - _ 1 00 14.6 
- 0.12 _ - 20 7 
_ 100 - - 29 
- 100 020 - 13 2 
- 100 1.00 - 17.7 
Assays were carned out m lmrdazole buffer (pH 7) with 
0 04 mM F6P, 6 mM MgCl, and nucleotides as mdrcated 
3.2. Allosteric effects of sulfur-con tainmg A TP and 
AMP analogs 
Likewise ATP, ATPaS, A and B are capable of 
producing an mhrbition of phosphofructokinase by 
binding to the regulatory sate. The Zre values (the 
corresponding concentratrons for 50% mhrbrtion 
under identical experimental conditrons, i.e., rmidazole 
buffer, (pH 7), 0.04 mM F6P and 6 mM MgCl3 are 
0.4 mM for ATP, 0.48 mM for ATP&(A) and 0.34 mM 
for ATPcrS(B). At 1 mM tnphosphates the phospho- 
fructokmase activrty was mhrbited by 94% (ATP), 
86% (ATPcrS(A)) and 92% (ATPoS(B)), respectrvely. 
The allosteric inhrbrtron by ATP or ATPoS was 
counteracted by AMP or CAMP (table 2). The allosteric 
effects of ATPflS are erther absent (m the case of the 
B isomer), or much weaker (Zse for ATPflS(A) is 
1.8 mM). In order to distinguish an allosterrc effect of 
ATPyS from that of competrtive inhrbitron, we used 
o’ITP, which 1s a phosphate donor srmilar to ATP but 
lackmg the allosteric effects, at pH 7 and 8, in the 
presence of various ATPPS concentrations but wrth 
constant o’ITP/ATP~S ratio [9]. From these experi- 
ments, not shown here, emerged that ATPyS lacked 
the ability of allosteric mhibitron. 
extent han the natural nucleotides (table 2). How- 
ever, by mcubating phosphofructokinase wrth AMPS 
a progressive mhibrtron of the enzyme is observed 
(fig.1). Simrlar behavior was shown by ATParS( 
the other analogs bemg less effective or ineffective. 
ATP or other triphosphates, but not AMP or CAMP, 
were able to protect he enzyme against the inactiva- 
tion by AMPS or ATPoS(B). These results are mter- 
preted as being the consequence of the interaction of 
the above mentioned analogs with SH groups from 
the active srte of phosphofructokmase, mce dithio- 
threitol prevents the enzyme inhrbition. 
4. Discussion 
3.3. Irreversible inhlbition of phosphojkuctoknase by 
Incubation with Ai”FW(B) and AMPS 
AMPS like AMP or CAMP 1s able to stimulate the 
ATP-inhibited phosphofructokinase, but in a lesser 
With a few exceptions, ATP analogs with modrfed 
purine bases are good substrates for rabbit muscle 
phosphofructokinase, this enzyme showing a rather 
broad specificity for nucleotides as phosphoryl group 
donors [9-l 11. The interaction of nucleotrdes with 
the allosteric site of phosphofructokinase i  more 
complex than that with the substrate site, and requires 
both an intact adenine moiety and an intact terminal 
phosphate group for full activity [9]. Our results wrth 
ATP analogs containmg sulfur in the phosphate chain 
support lus point of vrew. However, some pomts are 
to be raised: 
(1) All sulfur-contaming ATP analogs bmd similarly 
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TIME 1 mmutes I 
Frg.1 Inactrvatron of rabbrt muscle phosphofructokinase by 
AMPS and ATPoS(B) The reactron mrxture contamed at 4°C 
and 0 5 ml fmal volume, 50 mM Tns-HCl (pH8), 0.2 mM 
EDTA, 0.1 mg phosphofructokmase and 0.5 mM nucleotrde 
as specrtied. At different tmre mtervals samples were taken 
out (5 ~1) for measurement of phosphofructokinase actrvity 
as m sectron 2, at optimal concentratrons of substrates, i.e., 
0.3 mM ATP and 1 mM F6P. (0) Control, with ATP; (A) 
ATPrS, (0) AMPS, (0) ATPaS(A), (0) ATPaS(B), (0) 
AMPS + ATP. 
01) 
to the actrve site of phosphofructokinase, r gard- 
less of which phosphate group bears the sulfur 
atom; 
The catalytic and allostenc properties of ATP 
analogs decrease progressrvely from ATPoS to 
ATP$S. In other words, the presence of the sulfur 
atom in the close proxlmrty of the phosphate 
bonds, increases the stabrhty of these bonds 
towards cleavage, without affecting to any con- 
siderable xtent the binding of the analogs to the 
phosphofructokmase. In thrs way one can explain 
why ATP7S, which 1s not a substrate for hexo- 
kinase or other phosphotransferases [2] 1s a 
substrate for E. coli DNA-dependent RNA poly- 
merase [6], methionyl-tRNA-synthetase [ 11, or 
adenylate cyclase [12]. Instead, ATPoS wl-uch is 
a substrate for the majority of the investigated 
phosphotransferases, 1s meffectrve as substrate 
for phenylalanyl-tRNA-synthetase [ 131, being an 
inhrbrtor for adenylate cyclase [ 121; 
(hi) Unhke other phosphotransferases, which show 
(iv) 
a greater specificity for one of the stereoisomers 
of ATPaS, phosphofructokinase makes no dis- 
tinctron between the two forms of the analog, 
whether substrates orallostenc effecters, 
A comparison of the effect of the above analogs 
with the effect of sATP and sAMP, m which the 
sulfur atom 1s a part of the base structure, shows 
net differences as regards the allosterrc effects, 
which depend pnmarily on the integrity of the 
ademne ring. sATP 1s a good substrate for phos- 
phofructokmase [ 111 but it does not bmd to the 
allosteric srte. In much the same way, sAMP does 
not reactivate the enzyme mhrbited with excess 
ATP. 
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